Prunus necrotic ringspot virus (PNRSV) occurs as numerous strains or isolates that vary widely in their pathogenic, biophysical and serological properties. Prior attempts to distinguish pathotypes based upon physical properties have not been successful ; our approach was to examine the molecular properties that may distinguish these isolates. The nucleic acid sequence was determined from 1n65 kbp RT-PCR products derived from RNA 3 of seven distinct isolates of PNRSV that differ sero-
Introduction
Prunus necrotic ringspot virus (PNRSV) occurs worldwide and is a serious pathogen of many woody species, causing various ringspot diseases in peach, cherry, rose and hops, and mosaic diseases in apple, rose and plum (Mink, 1992) . PNRSV is a member of the ilarvirus group of the Bromoviridae which includes the closely related apple mosaic virus (ApMV) and many other viral pathogens of woody deciduous species. PNRSV and related ilarviruses along with other members of the Bromoviridae are characterized by a tripartite, messagesense, single-stranded RNA genome. RNAs 1 and 2 are monocistronic and encode nonstructural proteins involved in RNA replication (van Vloten-Doting et al., 1981) . RNA 3 encodes two polypeptides, a polypeptide with homology to proteins required for cell-to-cell movement of plant viruses (ORF 3a) and the coat protein (ORF 3b) (Bachman et al., 1994 ; Guo et al., 1995 ; Hammond & Crosslin, 1995 ; Scott & Ge, 1995) . The putative movement protein, hereafter called the movement protein for brevity, is translated from RNA 3 while Author for correspondence : Rosemarie Hammond.
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logically and in pathology on sweet cherry. Sequence comparisons of ORF 3a (putative movement protein) and ORF 3b (coat protein) revealed single nucleotide and amino acid differences with strong correlations to serology and symptom types (pathotypes). Sequence differences between serotypes and pathotypes were also reflected in the overall phylogenetic relationships between the isolates. the coat protein is expressed from a fourth, subgenomic RNA termed RNA 4, which is collinear with the 3h end of RNA 3 and is encapsidated. Alfalfa mosaic virus (AlMV) and the ilarviruses share the phenomenon that coat protein is required for infection (van Vloten-Doting, 1975 ; Gonsalves & Fulton, 1977 ; Lister & Saksena, 1976) .
Sweet cherry (Prunus avium L.) trees infected with PNRSV exhibit a range of symptoms from none to a severe rugose mosaic disease, depending upon the virus strain or isolate (Howell & Mink, 1988) . Numerous isolates that vary widely in their pathogenic, biophysical and serological properties have been obtained from naturally infected trees (Crosslin & Mink, 1992 ; Mink et al., 1987 ; Mink & Aichele, 1984 ; Ong & Mink, 1989) . Mink et al. (1987) developed polyclonal antisera that could detect three distinct serotypes (CH3, CH9 and CH30) of PNRSV isolated in Washington from sweet cherry trees showing similar symptoms of cherry rugose mosaic disease. However, these antisera also detect isolates that are symptomless in infected trees, the so-called HENS isolates (high ELISA no symptoms) (Crosslin & Mink, 1992 ; Mink, 1980) . Ong (1987) and Ong & Mink (1989) found that the relative electrophoretic mobilities of PNRSV virions in agarose slab gels could be used to differentiate three biologically distinct but serologically indistinguishable isolates. Crosslin & Mink (1992) extended the study by examining the biophysical differences among a greater number of PNRSV isolates and found that although there was a diversity in nucleoprotein and genomic RNA electrophoretic patterns, not all isolates could be specifically identified using only electrophoretic techniques. The ability to identify individual isolates and development of tools for rapidly identifying rugose mosaic isolates of PNRSV is a limitation in attempts to reduce field spread of the disease.
The role of individual viral nucleic acids and their encoded proteins in symptom formation in PNRSV infected plants is unknown. However, the role of viral proteins in the elicitation of symptoms by other plant RNA viruses has been studied in some detail. For example, point mutations in the coat protein gene of tobacco mosaic virus have been shown to trigger a hypersensitive response in some Nicotiana species (Culver et al., 1994) or induce severe necrosis in others (Banerjee et al., 1995) , although the viral replicase and movement protein genes also play roles in symptom expression (Holt et al., 1990) . The expression level of 3a movement protein of tomato aspermy cucumovirus was found to be a determinant in symptom severity (Moreno et al., 1997) . Induction of necrosis in tomato by cucumber mosaic virus was mapped to determinants on RNA 2 (Sleat et al., 1994) and Scholthof et al. (1995) mapped symptom determinants to two proteins of tomato bushy stunt virus, one of which is required for cell-to-cell movement. In the case of AlMV, Dingjan-Versteegh et al. (1972) showed by construction of pseudorecombinant viruses that RNA 3 was responsible for symptom determination. In a later study, Neeleman et al. (1991) demonstrated that the expression of necrotic local lesions was related to a single amino acid substitution within the coat protein of these strains. The mechanism by which the amino acid change translates to altered symptom formation is, however, unknown.
The nucleotide sequences of cDNA clones corresponding to 1n65 kbp of RNA 3 of seven biologically well-characterized PNRSV isolates obtained from cherry trees differing in symptom severity were determined with the intention of localizing sequences which correlate with biological activity. The complete nucleotide sequences of RNA 3 of two PNRSV isolates have been reported but the biological significance of these sequences is not known (Guo et al., 1995 ; Hammond & Crosslin, 1995) . Using a molecular-based approach, we have identified a correlation between nucleotide and amino acid sequences of ORF 3a and 3b, PNRSV symptom types (pathotypes) and serotypes. The results of this study provide a basis for designing type-specific diagnostic assays for field applications and for molecular studies to identify sequence domains that interact to determine resulting phenotypes.
Methods
Virus isolates. The cherry (CH) isolates of PNRSV were obtained from individual cherry trees in Washington State and were maintained at Washington State University (IAREC, Prosser, WA, USA) in either Bing cherry or by weekly transfers from systemically infected Chenopodium quinoa or cucumber tissue (Crosslin & Mink, 1992 ; Mink et al., 1987 ; Ong & Mink, 1989) (Table 1) . Total nucleic acid was extracted from 100 mg fresh C. quinoa leaf tissue and dissolved in 300 µl sterile water (Presting et al., 1995) . A 5 µl aliquot of the nucleic acid was used for RT-PCR. First strand cDNA was primed using 40 pmol of the synthetic oligonucleotide PNRSV-5 (5h CATCGACCAGCAAGACATCA 3h, complementary to nt 1738-1757 of PE-5 RNA 3 ; Hammond & Crosslin, 1995) in a first strand cDNA buffer (Promega). PCR reactions using PNRSV-5 and PNRSV-4 (5h GTGGGTTTAGAGATTGTTGG 3h, homologous to nt 112-131) were performed to amplify an approximately 1n65 kbp fragment to obtain almost full-length copies of RNA 3. PCR reactions contained 5 µl of the first strand cDNA in 10 mM Tris-HCl, pH 8n3, 50 mM KCl, 1n5 mM MgCl # , 0n01 % (w\v) gelatine, 20 µM dNTPs, 20 or 40 pmol each of primers and 1n25 units AmpliTaq DNA polymerase (Perkin-Elmer Cetus). The amplification conditions were 2 min at 94 mC, followed by 25 cycles of 94 mC, 1 min, 58 mC for 2 min, 72 mC for 30 s, then 10 min at 72 mC. Following agarose gel electrophoresis to confirm the size of the PCR products, the nucleic acids were extracted from the gel using GeneClean (BIO101). The PCR products were then subcloned into the pCR2.1 vector (Invitrogen) and transformed into E. coli DH5α cells (Life Technologies). Plasmids containing the expected insert size were chosen for sequence analysis.
Nucleotide sequencing and sequence comparisons. Nucleotide sequences of the cloned fragments of RNA 3 were obtained using an automated DNA sequencer (Applied Biosystems International model 373A). Primers PNRSV-1 (5h TATTCGGGTTATTCGCAGC 3h), PNRSV-2 (5h GAAGCCAATCGTGCCAAAGT 3h), JC-12 (5h GCAA-TCATACCCACGCTG 3h) and JC-18 (5h TCTGAGTGGGACCAGAGC 3h) were used as internal primers to complete the sequence analysis. Sequence data were analysed using Lasergene software by DNASTAR for the Apple Macintosh. Multiple sequence alignments were performed using the Clustal Method version 5 (Higgins et al., 1992) . Cladistic analyses were performed on a Power Macintosh 8100 with the computer program PAUP (phylogenetic analysis using parsimony) version 3.1 written by Swofford (1993) Uninformative characters were excluded from the analysis and the phylogenetic trees were constructed by a branch and bound search, using random stepwise addition. Bootstrap analyses (100 replicates) were performed to estimate the support for the inferred phylogenies (Felsenstein, 1987) . ApMV RNA3 (Shiel et al., 1995 ;  GenBank accession no. U15608) was used as the outgroup for the tree because it is similar in particle characteristics and host range to PNRSV, i.e. it cross-reacts weakly with PNRSV antisera, and the coat proteins of PNRSV and ApMV transactivate each other's genomes (Mink, 1992) .
Results

Amplification and sequence analysis of RT-PCR products
RT-PCR products obtained using primers PNRSV-4 and PNRSV-5 consisted of the expected 1n65 kbp fragment, and in some isolates a second, prominent fragment of 700 bp was amplified (data not shown). The larger fragment was excised from agarose gels and cloned into the plasmid vector pCR2.1 for further analysis. Single clones representing each isolate were selected for nucleotide sequencing. The 1n65 kbp amplified gene fragment includes 62 nucleotides of the 5h noncoding region of RNA 3, the entire coding region of ORF 3a (movement protein ; 283 amino acids), the intercistronic region and the region encoding amino acids 1-216 of ORF 3b (coat protein). The nucleotide sequences of the CH isolates have † Determined by agar double-diffusion assays described in Crosslin & Mink (1992) . ‡ Symptom assays were described in Crosslin & Mink (1992) . M, mild mottle (C. quinoa), mild mottle or none (sweet cherry) ; I, mild mottle with few necrotic spots or flecks ; D, leaf necrosis and tip dieback. ?, information not available in reference cited ; R, rugose mosaic disease (small twisted leaves, shot hole, enations). § Hammond & Crosslin (1995) . Table 2 . Percentage amino acid similarities between the movement protein (above the diagonal) and coat proteins (below the diagonal) among the PNRSV isolates examined CH61 PNRSV-g CH39 CH57 CH9 CH38 CH30 CH71 PE-5 ApMV CH61 98n9 9 8 n 6 9 6 n 1 9 4 n 7 9 4 n 3 9 1 n 2 9 1 n 2 9 0 n 8 5 3 n 7 PNRSV-g 97n3 9 8 n 2 9 5 n 8 9 4 n 3 9 4 n 7 9 0 n 1 9 0 n 1 9 0 n 5 5 3 n 7 CH39 98n6 9 7 n 3 9 5 n 4 9 4 n 0 9 4 n 3 8 9 n 8 8 9 n 8 8 9 n 4 5 3 n 4 CH57 92n7 9 2 n 7 9 3 n 6 9 8 n 6 9 8 n 2 8 9 n 8 8 9 n 8 8 9 n 4 5 3 n 0 CH9 92n7 9 2 n 2 9 3 n 2 9 5 n 4 9 6 n 8 8 8 n 3 8 8 n 3 8 8 n 7 5 1 n 9 CH38 93n6 9 2 n 7 9 3 n 6 9 5 n 4 9 5 n 4 8 8 n 0 8 8 n 0 8 8 n 3 5 2 n 7 CH30 91n3 9 1 n 3 9 1 n 3 8 8 n 1 8 8 n 6 9 0 n 0 9 7 n 9 9 1 n 2 5 2 n 3 CH71 88n6 8 9 n 5 8 9 n 5 8 6 n 3 8 6 n 8 8 1 n 1 9 7 n 3 9 0 n 8 5 2 n 6 PE-5 89n5 9 0 n 9 9 0 n 0 8 7 n 7 8 7 n 2 8 7 n 7 9 0 n 9 9 0 n 9 5 3 n 9 ApMV 42n9 4 3 n 8 4 3 n 8 4 3 n 3 4 4 n 2 4 2 n 9 4 4 n 2 4 4 n 7 4 5 n 6 been deposited at GenBank and their accession numbers are listed in Table 1 , along with other pertinent information about their biological characteristics and origin. For comparison, existing sequence data were obtained from the GenBank DNA database or from our previous studies. Nucleotide sequence similarities (%) of the completed sequences were determined using the CLUSTAL V program and reveal overall similarities of 80n4-98n6 % among all the PNRSV isolates (data not shown). High values were observed among the CH9 serotype isolates (92n7-98n6 %) and between the two CH30 serotype isolates ( 95n5 %). In addition, higher similarity values were observed between members of the same symptom type (pathotype) within the CH9 serotype group -CH61 and CH39 of the mild type ( 98 %) and CH38, CH9 and CH57 of the severe rugose mosaic type ( 97 %). Similarly, by its low sequence similarity value, ApMV appears to be a distinct virus from PNRSV, confirming the observations made by Guo et al. (1995) and Hammond & Crosslin (1995) .
BIBG
Sequence similarity analysis of the nucleotide sequences of the separate coding regions for ORF 3a and ORF 3b reveals that, as a general rule, the nucleotide sequences of ORF 3a and ORF 3b are more conserved than the complete nucleotide sequence, implying that the non-coding regions contribute to the sequence divergence (data not shown). In general, the nucleotide sequences of ORF 3a and ORF 3b possess similar sequence similarity values between the isolates. Fig. 1 (a) . For legend see facing page.
Analysis and comparisons of the amino acid sequences encoded by ORF 3a and ORF 3b among the isolates
Comparison of the nucleotide sequences of the isolates revealed coding regions consistent with PNRSV isolates sequenced previously (Guo et al., 1995 ; Hammond & Crosslin, 1995) . Percentage amino acid similarities in the movement protein and coat proteins are shown in Although PNRSV-g groups at the molecular level with the mild CH9 isolates, its serotype and pathotype remain to be determined.
conservative and do not result in amino acid changes. Some insertions and deletions in the nucleotide sequences are reflected in differences in amino acid compositions in the encoded proteins (Fig. 1 a, b) .
Amino acid sequences deduced for ORF 3a are aligned in Fig. 1 (a) . The primary sequence divergence is clustered near the carboxy terminus of the protein (amino acids 253-283), with scattered substitutions in the remaining portion of the sequence. At several positions (denoted by arrows) there are conserved amino acid residues that are different between the rugose and mild isolates of the CH9 serotype. In addition, isolates of the CH30 serotype (CH30 and CH71) contain residues that can be distinguished from the CH9 serotypes. substitution at position 260, the remaining substitutions do not result in potential charge changes.
The alignment of amino acid sequences encoded by the coat protein genes is shown in Fig. 1 (b) . As was observed in the movement protein alignment, there are stretches of conserved amino acids, with scattered amino acid substitutions throughout the protein. There appears to be more sequence divergence in the amino-terminal half of the protein, with a cluster of changes between positions 49 and 57. In addition, there are conserved amino acid substitutions (denoted by arrows) between the rugose and mild isolates of the CH9 serotype, e.g. at amino acid 50 where the threonine (T) is replaced by an isoleucine (I), and at amino acid 79 where a phenylalanine (F) is replaced by a tyrosine (Y).
Phylogenetic analysis of PNRSV isolates and comparison to pathotype and serotype
We analysed the phylogenetic relationships among the nucleotide and amino acid sequences using the PAUP program and the branch and bound search with ApMV as the outgroup. Bootstrap analysis of 100 replications generated phylogenetic trees shown in Figs 2 and 3.
The phylogenetic tree generated from the nucleotide sequence data of the entire 1n65 kbp fragment shows the close relationship between the CH9 serotypes and their more distant relationship to the CH30 serotypes (Fig. 2) . In addition, within the CH9 serotype, the mild and rugose pathotypes form distinct clusters, a relationship that is supported by high bootstrap values and reflects the percentage similarity values calculated previously. When compared to ApMV, the PE-5 isolate, which has been previously classified as a CH9 serotype (Crosslin & Mink, 1992) , appears in a group separate from the CH9 and CH30 serotypes, and may reflect its origin from a different host. Phylogenetic analyses of the nucleotide sequences of the separate coding regions reveal a similar relationship among the isolates as found when analysing the complete nucleotide sequence and high bootstrap values support the relationships (data not shown).
Phylogenetic trees constructed from amino acid sequences of the movement protein and coat protein are shown in Fig.  3(a) and 3 (b) , respectively. The relationships of the CH9 and CH30 isolates are consistent with that shown in Fig. 2 , with 30 informative characters for each protein used in the analysis. The PE-5 isolate again appears separate from the cherry isolates and at the amino acid level appears to be more related to ApMV than the other PNRSV isolates.
Discussion
As a result of our efforts to link genetic relationships to the biological characteristics of the PNRSV isolates described in this study, we have observed a correlation between the nucleotide sequence and encoded amino acids of RNA 3, serotypes and pathotypes within the CH9 serotype. In addition to discriminating among the pathotypes and serotypes by sequence alignment and phylogenetic analysis, we have identified multiple nucleotide and amino acid differences that appear to be specific to the groupings.
Prior attempts at distinguishing PNRSV pathotypes using serology, nucleic acid hybridization or evaluation of particle characteristics have not been successful. In ELISA tests, CH9 antibodies react with both rugose and mild isolates of PNRSV (Mink et al., 1987) . In dot blot hybridization tests using a nucleic acid probe derived from the PE-5 isolate, the probe detected both severe and mild isolates of the CH9 and CH30 serotypes equally well using moderate stringency conditions . Particle characteristics, i.e. electrophoretic mobility of virions, cannot be used to distinguish the pathotypes (Crosslin & Mink, 1992) . Our results suggest that PCR methods designed to discriminate between nucleic acid differences can be applied to resolve pathotypes and serotypes. Using sequence comparisons of RNA 3, or portions thereof, we would expect to be able to determine the pathotype or serotype of an unknown isolate.
An example of molecular typing is the apparent grouping of the isolate designated PNRSV-g (Guo et al., 1995) with members of the CH9 serotype group, which have been shown to exhibit mild symptoms on an indicator host. Although we do not know the origin of PNRSV-g, the sequence of which was described by Guo et al. (1995) , Ong & Mink (1989) refer to an isolate from the same host, Prunus mahaleb and designated FG, which exhibited mild leaf spotting on sweet cherry trees. It remains to demonstrated that molecular, serological and symptom typing correlate for unknown field isolates and for those isolates originating from a different host.
BICB
Although we were able to group the isolates based upon pathotype within the CH9 serotype, there do not appear to be specific amino acids that are conserved among the rugose strains of PNRSV between the two serotypes, e.g. between CH9, CH38, CH57 and CH30, suggesting that the two serotypes be treated independently. The CH9 serotype isolates we have used in this study represent the two major groups of biological variants, severe rugose and mild, of PNRSV commonly found in sweet cherry orchards in Washington. These isolates were obtained from trees infected since 1970 (Mink et al., 1987) . CH30 was isolated from a 40j-year-old tree in Washington that had been infected before 1970, when beekeepers began transporting beehives back and forth between Washington and California to pollinate almond and cherry trees. Mink (1983) speculated that the CH9 isolates were transported on pollen that the bees were carrying from the California orchards. The only other PNRSV isolate of the CH30 serotype that has been identified, CH71, was transmitted to herbaceous hosts in 1984 from sweet cherries that had been graft-inoculated in 1983 from a tree showing ' ugly fruit ' symptoms.
The functional implications of the residue substitutions that appear to be conserved among the pathotypes are unknown. In ORF 3a, encoding the movement protein, one of the residue substitutions occurs at position 24, within the amino-terminal portion of the protein ; the corresponding region in AlMV is an α-amphipathic helix important in facilitating cell-to-cell movement of the virus (Berna, 1995) . It is not known if PNRSV movement protein also contains this amino-terminal helix, or if the substitution would contribute to changes in pathogenicity by altering interactions with host components.
Ilarviruses such as AlMV require a few copies of viral coat protein or the coat protein subgenomic RNA in order to initiate replication (van Vloten-Doting, 1975) . The coat protein activation of AlMV is mediated by the interaction of the amino terminus of the coat protein with stem-loop structures in the 3h untranslated region of the viral genomic RNAs (e.g. Yusibov & Loesch-Fries, 1995) . Residue substitutions in the amino terminus of the protein, i.e. position 5, may influence the interaction of this region with the viral RNAs and affect activation.
Sequence analysis of RNA 3 from a number of additional biologically well-characterized isolates, including members of the CH3 serotype, will determine whether the relationships we have observed in our study between phylogenetic groupings and biological characteristics are upheld. Ultimately, the generation of recombinant viruses composed of biologically active transcripts of cloned copies of the genomic RNAs of the PNRSV isolates differing in symptom phenotype will allow us to determine the biological relevance of the observations we have made.
